Members of the Wingless (Wg)/Wnt family of secreted glycoproteins control cell fate during embryonic development and adult homeostasis. Wnt signals regulate the expression of target genes by activating a conserved signal transduction pathway. Upon receptor activation, the signal is transmitted intracellularly by stabilization of Armadillo (Arm)/b-catenin. Arm/b-catenin translocates to the nucleus, interacts with DNA-binding factors of the Pangolin (Pan)/TCF/LEF class and activates transcription of target genes in cooperation with the recently identified proteins Legless/BCL9 (Lgs) and Pygopus (Pygo). Here, we analyse the mode of action of Pan, Arm, Lgs, and Pygo in Drosophila cultured cells. We provide evidence that together these four proteins form a 'chain of adaptors' linking the NH 2 -terminal homology domain (NHD) of Pygo to the DNA-binding domain of Pan. We show that the NHD has potent transcriptional activation capacity, which differs from that of acidic activator domains and depends on a conserved NPF tripeptide. A single point mutation within this NPF motif abolishes the transcriptional activity of the Pygo NHD in vitro and strongly reduces Wg signalling in vivo. Together, our results suggest that the transcriptional output of Wg pathway activity largely relies on a 'chain of adaptors' design to direct the Pygo NHD to Wg target promoters in an Arm-dependent manner. q
Introduction
The Wnt signalling pathway plays essential roles in determining cell fate decisions throughout development in invertebrates and vertebrates (reviewed in (Cadigan and Nusse, 1997) ). In humans, deregulation of the Wnt pathway has been linked to several forms of cancer (Polakis, 2000) . The key effector of the Wnt pathway is b-catenin, a protein that originally had been isolated by its property to associate with the cytoplasmic region of E-cadherin, a transmembrane protein involved in cell-cell adhesion (Ozawa et al., 1989) . The signalling function of b-catenin was discovered when its gene was cloned and found to be the mammalian homolog of armadillo (arm), a segment polarity gene involved in the Drosophila Wingless (Wg) signalling pathway (McCrea et al., 1991) . In the absence of a Wg/ Wnt signal, cytosolic Arm/b-catenin is phosphorylated by the concerted action of the Adenomatous polyposis coli (APC) protein, Axin, and the protein kinase Shaggy/Zeste white-3 (GSK3b), and hence, rapidly degraded via the ubiquitin/proteasome pathway (Peifer and Polakis, 2000) . Interaction of the Wg/Wnt ligand with its receptors Frizzled and Arrow/LRP blocks the APC-Axin-GSK3b complex and leads to the stabilization of Arm/b-catenin. As a consequence, Arm/b-catenin accumulates and enters the nucleus, where it interacts with members of the TCF/LEF family of DNA-binding proteins to activate the transcription of Wg/ Wnt target genes (Behrens et al., 1996; Brunner et al., 1997; Molenaar et al., 1996; van de Wetering et al., 1997) .
Since all known effects of b-catenin-mediated Wnt signalling are transcriptional outputs, major effort is devoted to the question of how Arm and b-catenin activate the transcription of target genes. The activating role of Arm in Wg signalling could be separated from its role in cell adhesion and required Arm repeat 1, repeats 3-8 and the proximal COOH-terminus (Orsulic and Peifer, 1996) . Arm repeats 3-8 turned out to mediate the interaction with TCF/ LEF (van de Wetering et al., 1997) , while the COOHterminus of b-catenin was found to exhibit transcriptional Mechanisms of Development 122 (2005) activation potential (Hecht et al., 1999; Hsu et al., 1998; van de Wetering et al., 1997) . However, a b-catenin deletion mutant lacking the COOH-terminal activation domain was still able to stimulate a LEF-1-dependent reporter (Hsu et al., 1998) , suggesting that b-catenin contains additional domains important for transcriptional activation. Likewise, COOH-terminally truncated Arm retained significant signalling activity in vivo (Cox et al., 1999) . Moreover, linkage of the COOH-terminus of Arm to an inactive form of Pan (lacking the Arm-binding domain) failed to restore signalling activity in transgenic animals (Thompson, 2004) . The recent identification of Legless/BCL9 (Lgs) (Kramps et al., 2002) as an essential Wg signal transducing component in Drosophila, together with the finding that it binds to a defined domain of Arm and b-catenin (Hoffmans and Basler, 2004; Kramps et al., 2002) , brought Arm repeat 1 into the foreground again for Wg signalling. Because Lgs also binds to the nuclear pathway component Pygopus (Pygo, Belenkaya et al., 2002; Kramps et al., 2002; Parker et al., 2002; Thompson et al., 2002 ) the role of Arm repeat 1 in Wg signalling might be attributed to the Lgs-mediated recruitment of a transcriptional co-activator.
Taken together, a model can be proposed in which the four nuclear components Pan, Arm, Lgs, and Pygo physically interact to form one branch of the Wg pathway for target gene activation. However, this model is partly controversial. It is not clear yet whether these four proteins interact sequentially, what effects pathway activity exerts on them, and whether Pygo acts at all as a transcriptional coactivator (Kramps et al., 2002; Thompson, 2004) or rather as a nuclear anchor for Lgs and Arm (Tolwinski and Wieschaus, 2004; Townsley et al., 2004a) . In this work, we extensively test these possibilities by focusing on the Lgs/Pygo dependent branch of the Wg signalling pathway in cultured Drosophila cells and come to the conclusion that Pan, Arm, and Lgs act as adaptor molecules, targeting Pygo to the regulatory region of Wg/Wnt target genes. We also provide evidence that Pygo has substantial co-activating capacity, which can be mapped to its NH 2 -terminal homology domain (Pygo NHD ). Within this domain, the conserved tripeptide NPF appears to play a key role in endowing Pygo with transcriptional activation capacity and enabling the transduction of the Wg signal in vivo. Taken together, we propose a 'chain of adaptors' model for nuclear Wg signalling, serving the purpose of recruiting the Pygo NHD transactivation domain to promoters of Wg target genes.
Results

An S2 cell reporter assay for Wg signalling activity
Cell based reporter assays serve as invaluable tools for the analysis of signal transduction pathways. The TOP-FLASH luciferase reporter, which is widely used to monitor Wnt activity in mammalian cells (Korinek et al., 1997) , does not respond robustly to Wg signalling in Drosophila S2 cells (data not shown). An alternative was recently described by Cong et al. (Cong et al., 2003) who used the lef-luc reporter plasmid (Hsu et al., 1998) , which is based on an array of seven Lef-1 binding sites. However, this assay depends on the co-transfection of a mouse lef-1 transgene. Apparently, the endogenously expressed homolog of TCF/Lef, Pangolin (Pan), is not able to activate transcription of the lef-luc reporter in S2 cells (data not shown). We therefore set out to generate a suitable Wg reporter system for Drosophila cells. In a first attempt, we replaced the multimerized Lef-1 binding sites of the lef-luc plasmid with multimerized Pan binding sites (van de Wetering et al., 1997) . However, this pan-luc reporter still depended on cotransfected lef-1 to respond to Wg (data not shown). We thus decided to create a reporter based on an endogenous S2 cell target gene of Wg. Using full genome microarrays we screened for genes showing highest induction values upon Wg pathway activation (D. Soldini, C. Mosimann and K. Basler, unpublished results). Among the best candidates was wingful/Notum (wf), a gene that was previously found to be a target gene of Wg signalling in multiple tissues in vivo (Gerlitz and Basler, 2002; Giráldez et al., 2002) . A 2.2 kb genomic fragment (4099-1866 bp upstream of the ATG initiation codon) of the wf gene followed by a minimal hsp70 promoter driving luciferase expression (wf-luc, Fig. 1A ) reproducibly showed a 40-fold induction upon stimulation with Wg in S2 cells (Fig. 1B) . In contrast to the above-mentioned lef-luc assay, RNAi-mediated knock down of pan resulted in the expected decrease of wf-luc activity (Fig. 1B) . RNAi against the other known nuclear Wg components arm, lgs, and pygo showed a similar reduction in luciferase expression (Fig. 1B) . From this we conclude that the wf-luc construct serves as a reliable reporter to monitor Wg signalling activity in Drosophila S2 cells.
Reduction of nuclear Wg pathway components to minimized bivalent adaptors
One view of how the nuclear Wg pathway components Pan, Arm, Lgs, and Pygo cooperate to activate target gene expression can be described as a 'chain of adaptors' (Fig. 1D ). An adaptor protein consists of a minimum of two domains, each of which specifically interacts with a different partner (a nucleic acid or a protein), physically bringing them into proximity of each other. In an extreme view, the middle protein would serve merely as a linker between these domains. The homology between the Drosophila and mammalian components of the nuclear Wg pathway components and their functional properties are consistent with such adaptor functions as each of these proteins exhibits at least two conserved, essential domains. In a first attempt to provide support for a 'chain of adaptors' model, we reduced Pan, Arm, Lgs, and Pygo to minimal proteins consisting essentially of only their interaction domains, either by deleting less conserved regions (for Pan and Arm, Fig. 1C ) or by linking the interaction domains via a triple HA tag (for Lgs and Pygo, Fig. 1C ). The function of these trimmed-down components was assayed by their ability to rescue the RNAi-mediated knock-down of the corresponding endogenous full-length proteins. In all cases analysed, the minimal proteins were sufficient to complement the loss of their full-length counterparts in a manner consistent with their position in the chain of adaptors ( Fig. 2A-D Fig. 1C ). The properties of these chimeric constructs were then analysed in an S2 cell UAS-luc reporter assay (Section 4).
Pan
ABD activity depends on Arm, Lgs, and Pygo
Pan binds to regulatory elements of Wg target genes via its HMG box and to Arm via a short conserved region located near the NH 2 -terminus (Pan Armadillo binding domain, Pan ABD ). Thus, Pan appears to function as a bona fide adaptor protein bringing Arm into the proximity of Wg target genes (reviewed in (van Noort and Clevers, 2002) ). Based on previous functional (Brunner et al., 1997; van de Wetering et al., 1997) and structural (Graham et al., 2000) analyses of the Pan ABD , we generated a G4 DBD -Pan ABD construct comprising amino acids 2-64 of Pan. As a control we also generated a version of G4 DBD -Pan ABD that carries two point mutations (D19A, E27A), which should abolish the binding to Arm (Graham et al., 2000) . Neither of these two constructs showed any transcriptional transactivation activity in the UAS-luc assay (Fig. 3A) . When pathway activity was mimicked by expression of a constitutively stable form of Arm, Arm min ( Fig. 1C) 
Two branches of Arm activity
With the goal to map the transcriptional activation domains of Arm in an unbiased manner, we started with Arm S10 , a constitutively and fully active form of Arm, which carries a deletion in its NH 2 -terminus rendering it resistant to GSK3b-mediated degradation (Pai et al. 1997) . We systematically fused isolated parts of Arm S10 to the yeast G4 DBD and measured their activity in the UAS-luc assay (Fig. 4A ). This analysis indicated that Arm contains two regions with transcriptional activation capacity. One region was located in the NH 2 -terminal part of the protein and was mapped to Arm repeats 1-4 (Arm R1-4 , amino acids 156-356), the other one located to the COOH-terminus. The activity of the COOH-terminal region of Arm did not depend on either Lgs or Pygo, as demonstrated by RNAi experiments (Fig. 4A) . In contrast, the activity of Arm R1-4 was highly dependent on Lgs and Pygo, as RNAi against these two components, or the introduction of the D164A mutation, caused an almost complete loss of activity (Fig. 4A, B) . Quantitative yeast two-hybrid assays confirmed that Arm R1-4 [wt], but not Arm R1-4 [D164A], can bind the HD2 domain of Lgs (Fig. 4C) . In summary, Arm contains two regions that exhibit transcriptional activation potential when tethered to DNA. One branch corresponds to the COOH-terminal region and appears to operate independently of Lgs and Pygo, while the other branch, represented by Arm R1-4 , strictly requires Lgs and Pygo.
Lgs
HD1 activity depends on Pygo
NHD
The HD1 domain of Lgs (Lgs HD1 ) has been shown to bind the PHD finger of Pygo (Kramps et al., 2002) . Based on the 'chain of adaptors' model we predict that, if tethered to DNA, Lgs HD1 should exhibit transactivation activity in a Pygo dependent manner. To test this hypothesis we subjected a G4 DBD -Lgs HD1 fusion protein (amino acids 296-377 of Lgs) to the UAS-luc assay. Indeed, RNAimediated knock down of pygo severely lowered the activity of G4 DBD -Lgs
HD1
, while RNAi against endogenous lgs and arm transcripts had little influence on the luciferase readout (Fig. 5A) (Fig. 5A) , even though both proteins were expressed at comparable levels (data not shown). We interpret these observations as indications that Pygo, by binding to Lgs HD1 via its PHD domain, is largely responsible for the transcriptional activity of Lgs HD1 . Apart from the PHD, the only conserved region among Pygo homologs is the NHD. To create a G4 DBD -Pygo NHD fusion protein, we used amino acids 5-110 of hPygo2, rather than of Drosophila Pygo, as the two proteins are functionally conserved (Kramps et al., 2002) , yet encoded by different nucleotide sequences (enabling dpygo-specific RNAi). G4 DBD -hPygo2
NHD was highly active in the UAS-luc assay, even when arm, lgs, or pygo were knocked down by RNAi (Fig. 5B) . However, a deletion of 10 conserved amino acids (Dcore, amino acids 70-81 replaced by Ala-Ser) nearly abolished the activity of G4 DBD -hPygo2 NHD (Fig. 5B) .
We confirmed by Western Blot analysis that both the wildtype and the Dcore protein were expressed at comparable levels (data not shown). To verify that the Pygo NHD alone is sufficient to provide transcriptional activity to Arm R1-4 , we tested whether a chimeric construct consisting of hPygo2 NHD fused to Lgs HD2 (amino acids 465-596 of Lgs) could bypass the requirement for Lgs and Pygo. We linked these two domains by an unrelated stretch of amino acids derived from the yeast Gal11 protein (Long et al., 1991; Suzuki et al., 1988) . When assayed with the G4 DBD -Arm R1-4 /UAS-luc reporter system, the chimeric construct carrying hPygo2 NHD [wt] , but not that with hPygo2 NHD [Dcore] , could overcome the knock-down of Lgs and/or Pygo (Fig. 5C ). These results concur with the suggestion that Lgs serves as an adaptor protein to link Pygo to Arm (Kramps et al., 2002 essential functions besides linking Pygo to Lgs. Hence, one major branch of Arm's capacity to stimulate transcription consists of the recruitment of the Pygo NHD to target genes.
Dissection of the Pygo NHD reveals an essential NPF motif
As shown above, hPygo2 NHD potently activates transcription when tethered to DNA with the G4 DBD in S2 cells. Transcriptional activation domains have been classified according to various criteria such as their amino acid composition (reviewed in (Mitchell and Tjian, 1989) , (Seipel et al., 1992) ). The best-studied activation domains belong to the 'acidic activators', which were originally identified in the two yeast transcription factors GCN4 (Hope and Struhl, 1986) and GAL4 (Ma and Ptashne, 1987) . The hPygo2 NHD contains several conserved acidic residues, raising the possibility that it functions as an acidic activation domain. To address this question we systematically deleted and/or mutated conserved amino acid residues of DNA-tethered hPygo2 NHD and measured the activity of the resulting mutants in the UAS-luc assay (Fig. 6) . We found that mutations of one or two acidic residues within hPygo2 NHD did not significantly lower its activity (Fig. 6f, m-r) , while single point mutations of the uncharged amino acids N, P, or F at positions 76-78 resulted in an almost complete loss of activity (Fig. 6i-l) . Each of these activity losses exceeded the one achieved by simultaneously mutating the three acidic amino acids E, D, and D at positions 79-81 (Fig. 6s) . We conclude therefore that the NPF motif within hPygo2 NHD is more important for its transcriptional activator function than its acidic residues.
We next replaced the NHD core region by acidic activator sequences, either by introducing two copies of the nine amino acid sequence DALDDFDLD or four copies of the DDFDL motif. These short sequences, taken from the NH 2 -terminal portion of the COOH-terminal activation domain of VP16, have been shown to be highly active when fused to G4 DBD (Seipel et al., 1994) . We also introduced these short peptide sequences in reverse direction, since some acidic activator domains are known to be functional in either orientation (Walter Schaffner, personal communication). Both the forward and reverse minimal acidic activator domains caused high luciferase transcription, comparable to that obtained with hPygo2 NHD [wt] (Fig. 6a,  u-x) . However, reverting the orientation of either the entire hPygo2 NHD core region or of its NPF motif virtually abolished transcriptional activity (Fig. 6y, z) , suggesting that the NHD of Pygo does not contain a 'reversible' acidic activator domain. Rather, our results indicate that Pygo's activity relies on a conserved and properly oriented NPF tripeptide.
Pygo signalling activity relies on a functional NHD domain
While the dissection of proteins into functional domains and the heterologous UAS-luc assay allowed us to rigorously test important aspects of the 'chain of adaptors' model, we wanted to validate the key finding of Pygo's transactivation domain in the context of an intact protein and eventually also in the context of the entire Wg pathway. We first made use of our above-mentioned observation that Arm R1-4 activity critically depended on Pygo. RNAimediated knock down of endogenous pygo in S2 cells resulted in a 10-fold decrease of G4 DBD -Arm R1-4 activity (Fig. 4B) . Taking advantage of the functional conservation (Kramps et al., 2002) yet different sequences of the human versus Drosophila pygo genes, full-length hPygo2 constructs were assayed for a rescue of Pygo function in S2 DBD -hPygo2 NHD context were introduced into full-length hPygo2 and tested for their ability to rescue the effect of dPygo knock-down in the G4 DBD -Arm R1-4 /UAS-luc assay. As expected, wild-type hPygo2 could replace dPygo in this assay and almost fully rescued the dpygo RNAi effect (Fig. 7A) . However, hPygo2[N76A] and dPygo2[F78A], each carrying a single point mutation in the NPF motif, failed to substitute for dPygo (Fig. 7A) . In contrast, the EDDOADA double mutation, which did not significantly alter the activity of G4 DBD -hPygo2 NHD (Fig. 6r) , was able to compensate for the loss of dPygo as well. The tight correlation between the transcriptional activity of NHD mutants in the G4 DBDhPygo2 NHD assay and in the G4 DBD -Arm R1-4 rescue assay indicates that the activity of the Lgs/Pygo branch of Arm is largely mediated by the specific arrangement of residues in the Pygo NHD . Finally, we asked whether the NHD is also required for Pygo function in vivo. Fly lines carrying a genomic dpygo transgene with either wild-type NHD or the F78A mutation (numbering of hPygo2, corresponds to F99A in Drosophila Pygo) were generated. These transgenes were tested in genetic situations in which they provided the only source of full-length Pygo. While two independent insertions of the wild-type control transgene rescued pygo mutant animals to adults, no survivors were obtained for three independently derived insertions of the genomic pygo[F78A] transgene (Fig. 7B) . Larvae carrying the pygo[F78A] transgene develop further than larvae from control crosses without any transgene, indicating that the activity of pygo[F78A] is severely impaired but not completely abolished. Taken together, these results suggest that not only G4 DBD -Arm R1-4 activity, but also Wg signalling activity in vivo, depend on the assembly of a chain of adaptors, culminating in the recruitment of a functional Pygo NHD domain in order to activate transcription of target genes.
Discussion
The identification of b-catenin as the mediator of Wnt signals has spurred investigations and discussions of how a cell adhesion molecule-relocated to the nucleus-can function as a transcriptional activator. One step towards a molecular understanding of nuclear b-catenin function was the recent discovery of Lgs (Kramps et al., 2002) The conserved tripeptide NPF is crucial for the activator capacity and Pygo NHD does not behave like an acidic activation domain. The activity of different forms of G4 DBD -hPygo2 NHD was assayed in the S2 cell UAS-luc system. Mutation of the three conserved amino acids N, P, and F had the most severe effect on activity. Two copies of a nonapeptide taken from the VP16 activation domain (VP16AD2!) as well as four copies of a minimal VP16 activation domain (VP16mAD4!) show activity in forward and reverse orientation. In contrast, reversion of Pygo NHD or the NPF motif leads to a loss of activity. The bar diagram is normalized relative to G4 DBD -hPygo2 NHD [wt] . Red bars represent activities lower than 10%. Sequences in reverse orientation are underlined, minimal VP16 activating sequences are written in green. RLUZrelative luciferase units.
2002; Thompson et al., 2002) . Genetic and biochemical experiments indicated that both proteins assist b-catenin in its transactivator role and led to the hypothesis that Lgs functions to recruit Pygo to the b-catenin/TCF complex and hence to the regulatory regions of Wnt target genes. By a series of transcriptional assays in cultured Drosophila cells, we show here that the four dedicated nuclear components of the Wg signalling pathway, Pan/TCF, Arm/b-catenin, Lgs, and Pygo, act together in a linear manner in order to activate target gene expression. Our results lead us to formulate a 'chain of adaptors' model for nuclear Wg signalling, assigning each of these four proteins a linker function connecting a proximal and a distal component, culminating in the recruitment of the NH 2 -terminal homology domain of Pygo (Pygo NHD ) to the promoter of Wg targets. In S2 cells, Pygo NHD stimulates reporter gene expression when directly tethered to DNA, indicating that this domain is capable of bestowing transcriptional activity on Arm/b-catenin.
Arm/b-catenin is composed of three domains, each of which bears transcriptional activity when tethered to DNA: the NH 2 -terminal region (Hecht et al., 1999; Hsu et al., 1998) , the central Arm repeats (this work), and the COOHterminal domain (Hecht et al., 1999; Hsu et al., 1998; van de Wetering et al., 1997) . We find that the activity of the NH 2 -terminus of Arm might not be relevant in the context of the full-length protein, as only an isolated NH 2 -terminal fragment of Arm [wt] shows transcriptional activity when tethered to DNA (supplementary Fig. 1 ). In contrast, an NH 2 -terminal fragment of Arm S10 or Arm N-R4
[D164A] does not show transcriptional activity in this assay (supplementary Fig. 1 ). We thus propose that Arm's co-activator capacity maps primarily to the COOH-terminal domain and to the Lgs/Pygo recruiting region located in Arm repeats 1-4 (Fig. 4A) . While the COOH-terminus of Arm might activate gene expression by recruiting cofactors like the histone acetyltransferase CBP/p300 (Daniels and Weis, 2002; Hecht et al., 2000; Takemaru and Moon, 2000) or the chromatin remodelling enzyme Brg-1/Brahma (Barker et al., 2001) (Kramps et al., 2002; Thompson, 2004) NHD is brought to Arm by more direct means. Interestingly, it has been shown in human 293T cells that the activity of DNA-tethered Pygo depends on its PHD (Townsley et al., 2004b) . When similar assays were carried out using DNA-tethered constructs in Drosophila S2 cells, we found that PygoDPHD is about half as active as full-length Pygo (not shown). However, deletion of the NHD leads to a more pronounced decrease in activity, while the isolated NHD is almost as active as full-length Pygo (not shown), indicating that the NHD is the key activating domain of Pygo. Consistent with this view, the abovementioned chimeric proteins lose their rescuing activity if the Pygo NHD is mutated. Collectively, these results strongly suggest that Pygo, by means of its NHD, acts as a transcriptional co-activator in Wg signalling.
Our analysis of DNA-tethered Pygo NHD in S2 cells revealed that this domain does not act as a classical acidic activator domain. Rather, we found that the conserved tripeptide NPF plays a crucial role in the activity of Pygo NHD . Pygo is one out of 791 NPF motif-containing proteins in Drosophila (Polo et al., 2003) . In yeast, a NPF motif has been found to serve as a recognition motif for proteins bearing Eps15 homology (EH) domains (Salcini et al., 1997) . As EH domain-containing proteins might work as integrators of signals controlling cellular pathways as diverse as endocytosis, cell proliferation, or nucleocytosolic export (reviewed in (Santolini et al., 1999) ), we checked for a possible functional link between such proteins and Pygo. However, RNAi-mediated knock-down of all four Drosophila EH domain-containing proteins (CG1099, CG6148, CG6192, CG16932) in the UAS-luc/G4 DBD -Pygo NHD assay did not cause a decrease in reporter activity (not shown), suggesting that the Pygo NHD , despite its NPF motif, does not rely on such EH domain-containing proteins for its capacity to activate transcription.
As an extension of our 'chain of adaptors' model it is tempting to assume that Pygo, through its NHD, might recruit factors with enzymatic activities, such as histone acetyl transferases (HAT) or chromatin remodelling proteins. Such interactions may depend on an intact Pygo NPF motif. It is important to mention that mutations in this motif, although almost abolishing activity of the isolated DNA-tethered Pygo NHD , retain some activity in the context of the full-length protein. It is possible that these mutations do not completely prevent presumptive interactions with positive regulators of transcription; some other part of Pygo may act in a partially redundant manner together with the NHD. Confirmation of such explanations will have to await the identification of Pygo NHD interacting proteins.
Materials and Methods
Plasmid constructs
For the wf-luc reporter plasmid, a 2.2 kb fragment of the wingful/Notum gene (Gerlitz and Basler, 2002; Giráldez et al., 2002) ; 4099-1866 bp upstream of ATG) was amplified by PCR and inserted into the pGL3 firefly luciferase reporter (Promega). The minimal SV40 promoter was replaced by a minimal hsp70 promoter (A. Smith, M. Kuster, R. Städeli and K. Basler, unpublished data). The UAS-luc reporter plasmid used in 293T cells was generated by inserting the five tandem-arrayed optimised Gal4 binding sites from pUAST (Brand and Perrimon, 1993) 
dsRNA production
Templates for GFP, pan , and pygo dsRNA synthesis were generated by PCR using genomic fly DNA (except for GFP) and the following primers containing 5' T7 promoter tails: fGFP 5 0 T7CTTTTCACTGGAGTTGTCC, rGFP 5 0 T7ATCCATGCCATGTGTAATCC, product length: 0.68 kb; dsRNA was then synthesized from these templates using the Ambion Megascript kit. For RNAi in S2 cells (Clemens et al., 2000) 1 mg of dsRNA was used per well (96 well plate).
Cell culture and Luciferase assays
All tissue culture experiments were performed with Schneider S2 cells and done in triplicates. Polyethylenimine (PEI, Polysciences, Inc) was used as a transfection reagent. 500 ng of DNA were transfected per triplicate in 96 well plates (wf-luc assay: 50 ng wf-luc, 100 ng actin5c-Renilla, 50 ng tubulina1-dfrizzled2, 50 ng rescue constructs and 250 ng empty vector. UAS-luc assay: 100 ng UAS-luc, 100 ng actin5c-Renilla, 100 ng G4 DBD -construct and 200 ng empty vector.). For RNAi knockdown experiments, dsRNA was cotransfected together with the DNA. For the wf-luc assay, the Wg signalling pathway was induced 48 h after transfection by adding heat-shocked S2 cells stably transfected with wg cDNA under the control of a heat-shock promoter as described (van Leeuwen et al., 1994) . Luciferase activities were determined after 48-72 h using the Dual-Luciferase Assay System (Promega). 
Fly lines and rescue experiments
Yeast two-hybrid assays
The yeast two-hybrid system as described in chapter 3 of Bartel and Fields (Bartel and Fields, 1997) was used. All bait constructs were fused to the LexA DNA binding domain and all prey constructs were fused to the Gal4 activating domain. Interactions between proteins were measured using the quantitative 'Liquid Culture Assay Using ONPG as Substrate' (Clontech, Yeast Protocols Handbook). The transcription factor Huckebein (Hkb, (Brönner et al., 1994) ) which plays no role in Wg signalling, was used as a negative control in the prey position.
